Abstract: Three sources of quantitative data for methyl-substituted allyl cations are available experimentally: Gas phase heats of formation, rotational barriers in solution, and rates of solvolysis. N M R chemical shifts also provide an index of charge distribution. This paper draws all these lines together in comparison with results of STO-3G ab initio molecular orbital calculations performed on planar and perpendicular methyl-substituted allyl cations. Sequential substitution of the terminal positions by one, two, three, and four methyl groups stabilizes allyl cations electronically by 17, 15, 13, and I 1 kcal/mol, respectively; a methyl group on the central carbon has a much smaller stabilizing effect (-5 kcal/mol). The steric strain for the first endomethyl group was determined to be 3 kcal/mol, whereas a second endo-methyl experiences a somewhat greater strain of 5 kcal/mol. Allyl solvolysis rates correlate well with gas phase allyl cation stability data, but there is a reduction in magnitude due to solvation. The calculated rotational barriers also are 4-1 2 kcal/mol higher than the activation free enthalpies determined in superacid solution; the difference provides further evidence for differential solvation effects-the more highly delocalized planar forms are solvated to a lesser extent than their rotational transition states. The rotational barrier of the parent allyl cation is predicted to be 34 kcal/mol in the gas phase but to decrease to 23.7 f 2 kcal/mol in superacid solution.
Allyl cations, the prototype H delocalized carbenium ions, have been studied experimentally for many decades. ' The solvolysis studies, which first proved the existence of allyl cations as short-lived reactive intermediates, preceded generation and direct observation of stable allyl cations in superacid media.' In recent years, many thermodynamic data on allyl cations in the gas phase have become available, particularly by means of ion cyclotron resonance measurements. 2 Previous theoretical studies have concentrated on the parent allyl With few exception^,^^ methyl-substituted allyl cations have only been investigated by semiempirical methods"-" or by a b initio calculations without geometry optimization.'* Since these calculations give considerable deviations with experimentally determined energy differences, we undertook a comprehensive a b initio MO study of methyl-substituted allyl cations with geometry optimization in order to assess and to augment the experimental data.
Methods
All a b initio MO calculations on planar and perpendicular allyl cations were performed by utilizing the STO-3G minimal basis setI3 and the Gaussian 70 series of p r o g r a m~. '~ For the planar allyl cations, the heavy atom framework was fully optimized, until the total energy was constant to better than au, bond lengths to 0.001 A, and angles to 0. I degrees; standard bond lengths and angles were used for the CH bonds (Table I ). The energy values thus obtained were only 0002-7863/79/1501-6032$01 .OO/O slightly higher than those of completely optimized structures, e g , 1 ( A E = 0.5 kcal/mol), 4 (AE = 0.7 kcal/mol), and 6 ( A E = 1.0 kcal/mol).Is The fully optimized structures are included in Table   I .
The geometries of the perpendicular allyl cations were based on the completely optimized structure of the parent system.' This geometry proved to be satisfactory also for substituted cations, since complete optimization of perpendicular 5 and 8 (rotation of CH2 group) resulted in energies only 0.5 and I .8 kcal/mol, respectively, below those given in Table IV .
Since the errors introduced by our less than complete optimization appear to be small and more or less constant, they tend to cancel in many of the energy comparisons. In section A2, it will be shown that the relative energies of allyl cations, thus calculated, coincide with experimental gas phase data, which justifies the approximations employed.
Results and Discussion
A. Planar Allyl Cations. 1. Geometry. Heavy-Atom Framework. The results of STO-3G calculations on the planar allyl cations are summarized in Table I . All allyl cations were assumed to have planar heavy-atom ground states. This was justified on the basis of the planar preference of a member of the set more prone to twisting: An energy increase was calculated when the 3,3-dimethylallyl cation (8), which has a relatively low rotational barrier (see below), was twisted by only 15' around the C-2--C-3 bond. In contrast, INDO predicted , to possess a 30' twisted ground state;' I we believe this to be an artifact due to the excessively low barriers erroneously given by this method.I6 Methyl substitution a t C-l (or C-3) results in an elongation of the adjacent allylic C-C bond and shortening of the remote bond (Table I) . In valence bond terminology, the canonical structure 2' is favored over 2" because of the stabilizing effect of the alkyl group. As a consequence, a methyl group increases the positive charge a t the substituted allyl terminus and decreases the charge a t the opposite end, as demonstrated by the calculated x densities ( Table 1) . The I3C N M R spectra of allyl cations, which show a deshielding of the substituted allylic carbon and a shielding of the opposite terminus, have been interpreted a n a l o g~u s l y .~~ Figure 1 shows a linear correlation between the observed I3C N M R chemical shiftsI8 and the calculated x densities (charge density a t the pn orbital calculated by the Mulliken p r o c e d~r e '~) .
Regression analysis yields the equation, 6 = 456 -450 x density, and a correlation coefficient r2 = 0.96 1, In contrast, bond lengths and I3C N M R chemical shifts remain almost unchanged on substitution at the 2 position.
The sequential widening of the C'C2C3 angle in the series 5 -6 -7 can be attributed to increasing steric strain. The increase of angle 6 from 5 to 6 and of angle p' from 6 to 7 (Table I ) also have steric origins. Methyl Conformations. The preference of the eclipsed over the staggered conformations of the methyl groups of both crotyl cations 2 and 3 has been calculated p r e v i o~s l y .~ Although the differences are not large, methyl groups, not ster- However, for the U-shaped cation 7, the doubly staggered form is indicated to be more stable.*O Because of this large energy LEca(, -t 1.11 kcallmol I-eclipsed, staggered zstaggered, staggered difference, the s, s conformation has been assumed for calculations of all cations with two endo-methyl groups (12, 15, 17) . The Z,s-E,e conformer depicted for 8 (Table I) is 0.5 kcal/mol more stable than the Z,e-E,s or the Z,s-E,s conformer. Consequently, this conformation was also selected for the calculation of the cations 11, 12, and 16. Rotation of the 3-methyl in 9 involves a barrier of 0.1 kcal/mol and the 2-methyl and 3-methyl conformations in cations 13, 14, and 16 were aligned as in 9.
2. Energy. Steric Strain. As previously discussed for the crotyl cations, methyl groups prefer exo-over endo-allyl cation positions.ga According to Table 11 , this preference amounts to 3 kcal/mol and is almost independent of the system. The slightly smaller difference between 13 and 14 can be explained by steric crowding in 13 due to the three cis-methyl groups. Introduction of a second endo-methyl group increases the strain by 5 kcal/mol as shown by the examples in the lower part of Table 11 .
A closely similar value has already been derived from experimental data. Schleyer and Saunders measured the rates of isomerization of 7 to 6 and of 6 to 5 and interpreted the difference of the Arrhenius activation energies (6.5 kcal/mol) as AAHfO of 6 and 7.*' In Figure 2 we present a slightly different interpretation of these experimental data. Because of the potentially large experimental error in E,, AC* is em- ployed. AS* is thus assumed to be similar for the two isomerization reactions. Our calculations indicate the transition states not to be equal in energy, as was assumed earlier,2' but to differ by 1 kcal/mol (see Table IV ). On this basis, a corrected experimental energy difference of 4.7 kcal/mol, almost identical with the calculated difference (4.9 kcal/mol), is obtained. Standard geometry calculations significantly overestimated the difference in stability between 6 and 7 (31.4 kcal/mol).'
The activation free enthalpies of the stereomutations 15 -14 and 14 -, 13 differ by 5.5 kcal/mol,22 a value similar to the calculated AHfO of 14 and 15 (4.8 kcal/mol). No correction for the transition states is needed since there are two cis substituents at the double bond of the perpendicular ion in both cases.
Methyl Stabilization. The stabilization of allyl cations by methyl groups can be evaluated from STO-3G energies (Table  I ) on the basis of isodesmic reactions 1-10, Stabilization by successive terminal methyl substitution for these steps are 17, 15, 9.5, and 6 kcal/mol, respectively (eq I , 2, 5, 7).
+-+e -w In the last two steps, electronic stabilization is counterbalanced by steric destabilization due to the introduction of endo subastituents. Such steric effects are absent if only substitution by exo-methyl groups is considered: eq 1, 2,6, and 8 indicate an electronic stabilization of 17, 15, 13, and 1 I kcal/mol for the first, second, third, and fourth terminal methyl group, respectively. If the I-methyl allyl cation is further methylated a t the 1 or 3 position, there is no significant change in energy as long as the steric strains are identical (eq 3 and 4). As expected, 2-methylation has a smaller effect, 5.3 kcal/ mol in the case of 1 (eq 9) and I .4 kcal/mol for 2-methylation of 5 (eq IO). 
+ C& -. , + C,H, -10.8
Comparison with Gas-Phase Data. The stabilization energies defined by eq 1-10 can alternatively be derived from gas-phase data. Their interpretation is problematic, however, since in For eq 1-8 (terminal methyl substitution), the agreement between calculated and experimental numbers appears to be very good. The maximum deviations are only -2.5 kcal/mol (eq 6) and + 1.6 kcal/mol (eq 7 ) and these may be due to a slight inaccuracy of the experimental AHrO value in 11 since the deviations are in opposite directions. An error in the calculated energy of l l is improbable, because l l fits very well in the series of the other calculated systems, as shown above.
2-Methyl substitution is generally calculated to be less stabilizing than experimentally observed; in these cases, a systematic error of 3-5 kcal/mol may be present in the calculations. Equations 1-1 0 can be generalized by eq l l . Since A H of eq 11 can be calculated from STO-3G e n e r g i e~, '~ one can obtain AHfO of the methyl-substituted allyl cations from the calculated A H and the experimental heat of formation of the parent allyl cation,2 ethane, and propane.2s Equation 12,  AHfo (kcal/mol) = 627.49€,,,,1 (au)
( 1 2 ) which is derived on this basis, was used to calculate the heats of formation of the methyl-substituted allyl cations (Scheme 1). Since the agreement between the calculated AHfo values and the available experimental numbers is quite good, it can be assumed that the predictions in Scheme I are also reliable.
Comparison with Solvolysis Data. Solvolysis reactions of allylic chlorides and allylic p-nitrobenzoates have been shown to proceed via allyl cations in aqueous formic acid and aqueous acetone, r e~p e c t i v e l y .~~ Table 111 shows relative rate constants and relative activation free enthalpies of these reactions. In Figure 3 , AAG* is plotted against the AHFO difference of the allyl cations and the corresponding precursors. A slope of 0.52 for solvolysis of the allyl chlorides in aqueous formic acid and of 0.41 for the allylic p-nitrobenzoates in aqueous acetone indicates that the carbocation character is only partially developed in the solvolysis transition states. Recently, Arnett, Petro, and Schleyer reported a linear correlation of the heats of ionization of various alkyl halides under superacidic conditions with the corresponding activation free energies of the solvolysis reactions. 29 The slope of the line (0.89) was larger than in our cases; the difference may be due to solvation effects in superacid solutions.
B. Perpendicular Allyl Cations. The calculated total energies of perpendicular allyl cations are summarized in Table IV . The + 24 2 0 4 . 1 2 5~ + 72 267.38 shows that a stabilization of 4.6 kcal/mol by a trans-methyl is expected if position R2 is already methyl substituted. C. Rotational Barriers. The rotational barrier of the parent allyl cation has previously been calculated by a variety of methods; values from 11 to 42 kcal/mol have been obtained (Table V) Based on thermodynamic data of allyl cations and the experimentally known rotational barrier of 16, a rotation barrier of 38-43 kcal/mol has been estimated for the parent allyl cation,34 but this number is too high due to the use of an older heat of formation for the allyl cation. The presently accepted value35 yields an estimate, calculated by using the same procedure (eq 17) of 24.7-25.7 kcal/mol (11.7 + 12 + 1-2 kcal/mol). Another estimate of the rotational barrier of the allyl cation from experimental data was made by Allinger and Siefert." Applying least squares to a series of experimentally known rotational barriers, they concluded that a methyl group a t the rotating carbon lowers the barrier by 6.6 kcal/mol, whereas a methyl group a t the nonrotating terminal carbon raises the barrier by 3.2 kcal/mol. Steric effects were also considered. A barrier of 27.9 kcal/mol was deduced for the parent allyl cation in solution. While Allinger's assumption of a constant increment for sequential methyl substitution is not accurate, cancellation of errors led to a value which is in reasonable accord with our conclusions. Figure 4 shows the energy of the allyl cation as a function of the torsional angle. At each point, a complete optimization has been carried out. It can be seen from Figure 4 that the 90' twisted form corresponds to the energy maximum. Therefore, the rotational barriers given in Table VI have been calculated as the energy differences between the planar and perpendicular conformations of the allyl cations (from Tables I and IV) . Stabilization energies from the isodesmic reactions 13-16 were used to estimate the energies of the perpendicular cations whose values are not given in Table IV . Table VI shows that terminal methyls facilitate the rotation of the adjacent allylic bond and raise the barrier for the remote one. The reason is indicated by the comparison of the isodesmic reactions 1-8 and 13-16: methyl a t the rotating end stabilizes the transition state (20-24 kcal/mol) more than the ground state (6-17 kcal/mol), while methyl a t the nonrotating end stabilizes the ground state (6-1 7 kcal/mol) better than the transition state (4-7 kcal/mol). Figure 5 shows a linear correlation ( r 2 = 0.990) of the Mulliken K overlap population of the originally pn orbitals in the planar form with the calculated barriers. Only allyl cations with one endo-methyl were employed in Figure 5 so that steric effects cancel. Regression analysis gives eq 18.
rotational barrier (kcal/mol)
Interestingly the intercept of eq 18 does not equal zero. This implies that, in the absence of K overlap, the allyl cation would prefer the perpendicular conformation, where the cationic center would be stabilized by hyperconjugation with the C-H and the C-C a-bonds. In Figure 6 the experimental rotational barriers are plotted against the calculated values. Except for the pentamethylallyl cation 20, where the calculated value is based on several assumptions and therefore not as reliable, a linear correlation between calculated and experimental rotational barriers is found. Deviations are within experimental error. However, calculated and experimental values are not identical. Is this due to an artifact of our calculations? Higher level calculations with and without correlation do not change the barrier of the parent allyl cation by more than 1 kcal/mol ( Table V) . 36 Therefore we interpret the differences between the calculated and observed barriers as being due to a solvation effect. The transition state, with the charge less delocalized, experiences a stronger solvation effect than the planar cation. This interpretation is in accord with Arnett and Petro's demonstration of a solvent effect in the ionization of alkyl halides in superacid media.37 Neglecting 20, the graph of Figure 6 is represented by eq 19. rotational barrier in s o h (kcal/mol) (19) On this basis we predict an activation free energy of 23.7 kcal/mol for the rotation of a methylene group of the parent allyl cation in superacid solution.
It should be mentioned that rotation of one allylic bond is not the only stereomutation mechanism possible. Ring closure to a cyclopropyl cation followed by ring opening has been predicted for the 2-methylallyl cation 4. whereas, in symmetrically substituted allyl cations, the resonance energy is much larger (34.8 kcal/mol for 5 ) . The total energy of allyl cations, however, does not depend on the magnitude of the resonance energy. Both 6 and 8, the symmetrical and nonsymmetrical dimethylallyl cations, both with one endo-methyl, have almost identical energy ( Table 1) . The same holds for 14 and 16. The higher resonance energy of 5, therefore, compensates for the energy difference between the secondary ion 5a and the tertiary ion 8b. The actual energy, rather than the "resonance energy", is of primary concern to chemists.
Conclusion
Ab initio calculations even a t the STO-3G minimal basis set level reproduce relative gas-phase stabilities of methylsubstituted allyl cations very well. In cases of contradictory experimental results, they may even serve to identify the correct value. The experimentally observed trends of solvolysis rates and rotational barriers are also reproduced by the calculations. The differences in solution are smaller than those indicated in the gas phase. This suggests the solvation of the more delocalized planar allyl forms to be less than that of the more highly localized transition states.
Introduction
Coordination have long been postulated to account for high ortho/para ratios in the liquid-phase alkylation of aromatic compounds bearing n-donor substituents, such as anisole and c h l~r o b e n z e n e .~ Recent studies by our group on gas-phase electrophilic aromatic substitution led to isolation of tert-butyl phenyl ether as the main product from the alkylation of phenol by unsolvated tert-butyl cations, providing direct evidence for predominant attack to the OH group, under conditions favoring kinetic contr01.~ Accordingly, in the case of a n i~o l e ,~ where no neutral end product can directly arise from tert-butylmethylphenyloxonium ions, substantial amounts of o-tert-butylanisole have been recovered, confirming preferential reactivity of the charged electrophile toward the n-donor substituent. Analogous conclusions have been reached in the isopropylation of the same substrates by gaseous sec-C3H7+ cations,6 which can undergo either proton transfer and condensation with both "n" and ''T" nucleophilic sites of phenol and anisole.
The present work has been undertaken to collect further 0002-7863/79/1501-6040$01 .OO/O evidence on the specific interactions of carbenium ions and n-donor substituents in the gas-phase electrophilic aromatic substitution, particularly in cases where proton transfer to the substituent is expected to be endothermic. For this purpose, the alkylation of the halobenzenes (PhX, X = F, CI, Br) by isopropyl cations from the radiolysis of propane has been studied in the diluted gaseous phase, where the absence of the counterion and of appreciable solvation effects brings into sharper focus the correlation between ionmolecule interactions and the formation of final neutral products.
According to a well-established technique, introduced by Ausloos and co-workers,' high yields of sec-propyl ions can be obtained from the gas-phase radiolysis of propane. This method has already been exploited,6.8 in combination with suitable analytical techniques, to study gas-phase electrophilic aromatic substitution by sec-C3H7+ ions, and consists in carrying out the radiolysis of a system, prepared by mixing trace concentrations of the substrate(s) and of appropriate additives with a large excess of C~H B and a few torr of oxygen, to cut off the radical component of the process.
